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HIGHLIGHTS 


►  Mid-day  charging  may  be  needed  to  maximize  the  all-electric  performance  of  PHEVs. 

►  Mid-day  charging  adds  to  peak  electric  demand. 

►  Solar  PV  can  reduce  the  net  increase  in  demand  created  by  PHEVs. 

►  PHEVs  can  absorb  otherwise  curtailed  PV  energy  during  periods  of  low  demand. 
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A  number  of  studies  have  found  that  plug-in  hybrid  electric  vehicles  (PHEVs)  will  have  relatively  small 
grid  impacts  if  charged  with  overnight  off-peak  electricity.  However  the  greatest  petroleum  displace¬ 
ment  will  occur  if  vehicles  are  allowed  to  charge  during  the  day,  maximizing  all-electric  range.  Charging 
during  the  day  also  allows  for  a  smaller,  lower  cost  battery.  Mid-day  charging  will  add  to  peak  electricity 
demands  and  may  occur  in  locations  where  it  is  difficult  to  construct  new  generation  and  transmission 
capacity.  Solar  photovoltaics  (PV)  provide  an  option  to  provide  mid-day  peaking  capacity.  Mid-day 
charging  of  PHEVs  also  may  absorb  low  value  or  even  curtailed  PV  generation  during  periods  of  low 
demand.  This  study  identifies  possible  co-benefits  of  large  scale  PV  and  PHEV  deployment  by  simulating 
the  Texas  grid  and  identifying  changes  in  peak  capacity  requirements  and  PV  curtailment.  A  modest 
deployment  of  PV  is  able  to  avoid  most  of  the  increase  in  capacity  requirements  associated  with  very 
large  PHEV  penetrations.  PHEVs  are  also  able  to  reduce  curtailment  at  high  PV  penetration,  especially  if 
charging  can  be  controlled  to  improve  the  coincidence  of  consumer  charging  demand  with  normal  PV 
generation  patterns. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Plug-in  hybrid  electric  vehicles  (PHEVs)  offer  an  option  for 
partial  electrification  of  the  transportation  sector  and  enable  the 
use  of  low  carbon  or  carbon  free  sources  of  electricity  to  displace 
petroleum  use.  PHEVs  can  also  take  advantage  of  low-cost  off-peak 
electricity  to  reduce  cost  of  vehicle  charging.  Previous  studies  have 
found  that  even  large  deployments  of  PHEVs  are  unlikely  to  burden 
electric  power  systems  with  additional  capacity  requirements 
if  vehicle  charging  can  be  controlled  and  limited  to  overnight, 
off-peak  charging  [1-3]. 

Despite  the  low  cost  of  overnight  charging,  using  exclusively  off- 
peak  night-time  electricity  may  limit  the  petroleum  displacement 
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and  other  benefits  of  PHEVs  [1,4].  The  high  cost  of  PHEV  batteries 
may  limit  the  electric  range  of  marketable  PHEVs.  Allowing 
a  vehicle  to  recharge  during  the  day  could  increase  the  fraction  of 
vehicle  miles  traveled  on  electricity  while  reducing  the  size  and 
cost  of  the  vehicle  battery.  Overall,  a  PHEV  with  smart  or  controlled 
mid-day  charging  may  provide  overall  improved  economic 
performance  to  the  vehicle  owner  (including  long-term  price 
stability  of  fuel)  and  greater  environmental  and  national  security 
benefits  to  society  as  a  whole.  Depending  on  vehicle  charging 
patterns,  mid-day  charging  may  require  increased  capacity  and 
generation  during  on-peak  periods.  This  may  also  require  new 
transmission  and  distribution  capacity  which  can  be  difficult  to 
construct,  especially  in  urban  load  centers. 

Solar  photovoltaic  (PV)  electricity  provides  a  potential  source  of 
mid-day  charging  of  PHEVs  which  can  be  sited  at  the  point  of 
demand  [5,6].  While  PV  is  often  considered  a  source  of  mid-day 
“peaking”  energy  during  hot  summer  months,  it  also  generates 
significant  amounts  of  energy  during  times  of  lower  peak  demand 
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in  the  non-summer  seasons.  Previous  analysis  has  demonstrated 
that  as  PV  penetration  increases,  the  increasing  difference  between 
PV  supply  and  normal  demand  patterns  may  lead  to  “surplus”  PV 
generation  [7].  This  problem  is  exacerbated  by  the  need  to  keep 
thermal  generation  online  to  provide  additional  operating  reserves 
at  high  penetration  of  PV  to  address  solar  variability  and 
uncertainty. 

To  avoid  curtailment  at  very  high  levels  of  PV  penetration,  the 
flexibility  of  the  grid  will  need  to  be  increased,  and  some  alternative 
uses  of  electricity  generated  in  the  middle  of  the  day  must  be  found. 
A  variety  of  options  will  likely  be  necessary  including  load  shifting, 
energy  storage  and  increased  electrification.  Among  the  electrifi¬ 
cation  options  is  mid-day  charging  of  PHEVs.  The  ability  of  PHEVs  to 
provide  a  controllable  load  can  potential  enable  greater  penetration 
of  PV  and  provides  another  market  for  this  renewable  energy 
resource. 

The  potential  co-benefits  of  PHEVs  and  PV  deployed  at  a  large 
scale  are  dependent  on  the  supply  characteristics  of  PV  and  the 
demand  characteristics  of  normal  electricity  use  and  potential 
vehicle  charging.  In  this  work,  we  examine  these  potential  co¬ 
benefits  by  simulating  the  performance  of  an  electric  power 
system  with  a  large  penetration  of  PV  and  a  transportation  system 
with  a  significant  share  (up  to  50%)  of  PHEVs.  We  begin  by 
reviewing  the  basic  characteristics  of  PV  generation  in  “conven¬ 
tional”  electric  power  systems  and  illustrate  the  limits  to  PV 
deployment  at  high  penetration.  We  then  discuss  the  performance 
of  a  PHEV  fleet  under  different  charging  profiles  and  driving 
patterns.  Finally,  we  provide  an  analysis  of  the  co-benefits  of  PV  and 
PHEVs  when  deployed  on  a  large  scale,  demonstrating  the 
improved  performance  of  PHEVs  when  allowed  to  charge  from 
mid-day  PV  generation  and  the  increased  penetration  of  PV 
allowed  by  PHEV  deployment. 

2.  The  limits  of  PV  deployment  in  conventional  electric 
power  systems  and  the  potential  role  of  PHEVs 

There  are  several  inherent  limits  in  the  ability  of  solar  PV  to 
supply  a  systems’  electricity  without  “enabling”  technologies  such 
as  energy  storage.  Most  obviously,  solar  PV  cannot  supply  night¬ 
time  electric  demand.  However,  the  supply  characteristics  of  PV 
could  limit  its  contribution  during  the  day.  The  limits  of  PV  to  meet 
an  aggregated  load  at  the  system  level  have  been  demonstrated 
previously  [7,8].  The  basic  conclusion  of  this  previous  work  is  that 
the  narrow  window  of  PV  output  can  produce  unusable  generation 
during  the  middle  of  the  day,  especially  during  non-summer 
months.  A  large  fraction  of  PV  electricity  generation  occurs 
during  periods  of  moderate  demand  and  this  PV  output  can  exceed 
actual  demand,  especially  considering  the  limits  of  “baseload” 
power  plants  to  decrease  output  during  the  short  window  of  high 
solar  output. 

Fig.  1  illustrates  the  challenges  faced  in  deploying  large  amounts 
of  PV  energy.  In  this  figure,  we  have  simulated  a  large  amount  of  PV 
in  the  Electricity  Reliability  Council  of  Texas  (ERCOT)  grid  producing 
enough  energy  to  provide  15%  of  the  system’s  annual  electricity  in 
the  year  2005.  The  simulations  use  the  REFlex  model  [9],  discussed 
in  more  detail  in  Section  4.  The  graph  shows  the  normal  electric 
demand,  the  PV  generation,  and  the  resulting  net  load,  which 
would  have  to  be  met  by  conventional  generators  during  a  4-day 
period  from  April  25  to  April  28. 

During  these  four  days,  moderate  temperatures  reduce  total 
electricity  demand  for  heating  or  cooling  (compared  to  the  peak 
demand  of  about  60  GW  in  the  summer  and  about  41  GW  in  the 
winter).  During  the  middle  of  these  four  days,  the  combination  of 
relatively  high  solar  output  and  low  demand  results  in  PV  meeting 
a  large  fraction  of  the  total  electricity  demand.  This  results  in 
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Fig.  1.  Coincidence  of  PV  and  load  during  April  25-28,  2005  in  ERCOT. 


a  second,  more  extreme  off-peak  period  during  the  middle  of  the 
day,  compared  to  the  normal  off-peak  period  in  the  early  morning 
hours.  Depending  on  the  mix  of  generators  meeting  the  residual 
load,  the  system  may  be  unable  to  ramp  at  the  rate,  and  over  the 
range  required  by  the  use  of  this  level  of  variable  generation  [10]. 
Limits  to  the  grid  flexibility  include  the  ability  of  baseload  units  to 
vary  output  and  the  need  to  keep  thermal  units  online  to  provide 
operating  reserves. 

The  combination  of  constraints  on  system  flexibility,  and  the 
limited  coincidence  of  solar  PV  supply  with  normal  demand 
patterns  will  result  in  curtailed  PV  generation  at  high  penetration. 
The  level  of  PV  penetration  illustrated  in  Fig.  1  may  not  be 
achievable  without  curtailing  some  mid-day  generation,  depending 
on  the  flexibility  of  the  generator  mix  and  reliability  requirements. 
Estimating  the  overall  flexibility  of  a  power  system,  including  its 
ability  to  ramp,  reduce  load,  and  provide  operating  reserves  is 
difficult,  and  will  likely  change  over  time  as  new  generator  types 
are  introduced,  especially  over  the  time  scales  needed  to  introduce 
large  amounts  of  both  PV  and  PHEVs.  However,  a  simple  flexibility 
metric  can  be  used  to  determine  the  relationship  between 
conventional  generation  operation,  PV  penetration  and  curtail¬ 
ment.  Fig.  2  illustrates  the  curtailment  that  results  at  increasing 
penetration  of  PV  in  the  ERCOT  grid  in  a  scenario  where  the  system 
is  able  to  accommodate  PV  over  a  cycling  range  of  80%  of  the  annual 
demand  range  [7].  This  corresponds  to  a  “flexibility  factor”  of  80%, 
meaning  the  aggregated  generator  fleet  can  reduce  output  to  20%  of 
the  annual  peak  demand  [9].  Both  the  average  and  marginal 
curtailment  rates  are  shown.  The  average  curve  shows  the  total 
curtailment  of  all  PV  at  a  certain  generation  level.  At  the  overall 
assumed  system  flexibility  level,  by  the  time  PV  is  providing  20%  of 
total  demand,  about  7%  of  all  potential  PV  generation  is  curtailed. 
The  figure  also  shows  the  marginal  curtailment  rate,  or  the 
curtailment  rate  of  the  incremental  unit  of  PV  installed  to  meet 


Fig.  2.  Curtailment  as  a  function  of  PV  energy  penetration  assuming  an  80%  system 
flexibility. 
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a  given  level  of  PV  penetration.  If  curtailment  were  assigned  on  an 
incremental  basis,  at  the  point  where  PV  is  providing  20%  of  total 
demand,  about  25%  of  this  incremental  PV  generation  would  be 
curtailed. 

This  curtailed  PV  will  result  in  an  increase  in  levelized  genera¬ 
tion  costs  for  solar,  since  it  will  be  able  to  sell  less  energy  (decreased 
capacity  factor)  and  must  recover  costs  over  the  reduced  amount  of 
energy  actually  sold. 

If  PV  is  to  provide  a  large  fraction  of  a  system’s  electricity,  some 
valuable  use  must  be  found  for  excess  mid-day  PV  energy.  Overall, 
this  requires  increasing  the  flexibility  of  the  electric  power  system, 
which  could  include  demand  response,  load  shifting,  more  flexible 
generation,  sharing  load  and  energy  supply  over  larger  geograph¬ 
ical  regions  (taking  advantage  of  increased  spatial  diversity),  and 
energy  storage  [11]. 

While  it  is  likely  that  all  of  these  options  will  play  an  important 
role  in  the  integration  of  PV,  an  additional  option  is  creating  new, 
dispatchable  demands  for  electricity.  This  demand  must  be  flexible 
in  when  it  must  charge.  PHEVs  provide  a  unique  source  of  additional 
load,  since  it  has  the  potential  to  be  controllable  —  able  to  be  dis¬ 
patched  by  a  utility  or  system  operator,  with  flexibility  in  the  exact 
time  of  charging,  and  not  depend  on  specific  season  or  weather 
conditions.  PHEVs  also  do  not  represent  critical  loads  —  on  occa¬ 
sions  where  demand  for  electricity  is  extremely  high  and  therefore 
very  expensive,  charging  can  be  deferred  to  a  later  time.  As  a  result, 
PHEVs  have  been  proposed  as  a  source  of  controllable  load  to  absorb 
potentially  excess  generation  from  variable  renewable  sources  [12]. 

3.  PHEV  overview  and  advantages  of  mid-day  charging 

PHEVs  are  similar  to  conventional  hybrid  electric  vehicles,  but 
feature  a  larger  battery  and  plug-in  charger  that  allows  electricity 
from  the  grid  to  replace  a  portion  of  the  petroleum-fueled  drive 
energy.  PHEVs  reduce  petroleum  use  and  produce  lower  tailpipe 
emissions  when  operating  electrically,  but  without  the  range 
restrictions  of  pure  battery  electric  vehicles.  They  also  increase 
diversification  and  price  stability  of  fuels,  since  electricity  can  be 
generated  from  many  different  primary  fuel  sources. 

There  has  been  considerable  analysis  on  the  technical  and 
economic  performance  of  PHEVs  [13-17].  Among  the  notable 
conclusions  are  that  the  economics  and  consumer  acceptability  of 
PHEVs  are  limited  by  the  high  “first  costs”  associated  with  the 
battery  [18-21].  In  the  United  States,  the  PHEV  electric  perfor¬ 
mance  is  often  designated  by  the  nomenclature  of  “PHEV-XX”,  with 
the  XX  representing  the  vehicle’s  approximate  battery  storage 
capacity  in  miles,  such  as  PHEV-20.  It  should  be  noted  that  a  PHEV- 
20  will  not  necessarily  be  able  to  travel  20  miles  on  pure  electric 
drive  -  an  “optimized”  power  train  configuration  may  require 
blended  mode  (electric  and  IC  engine)  travel  at  high  speeds,  during 
heavy  acceleration,  or  traveling  at  grade. 

The  lowest  cost  and  lowest  impact  charging  of  PHEVs  would 
generally  use  controlled  charging  to  maximize  use  of  off-peak 
electricity  [1-4].  Alternatively,  the  role  of  PHEVs  to  absorb  off- 
peak  wind  energy  (largely  during  overnight  hours)  has  also  been 
considered  [22-24].  While  the  “single  overnight  charge”  scenario 
allows  the  lowest  cost  electricity  for  PHEVs,  this  assumption  is  not 
necessarily  the  most  economic.  While  mid-day  electricity  is  more 
expensive  than  off-peak  electricity,  it  is  still  far  less  expensive  than 
gasoline  [4].  The  possibility  of  mid-day  charging  provides  several 
addition  options  to  increase  the  economic  viability  of  PHEVs.  Mid¬ 
day  charging  increases  the  fraction  of  miles  driven  electrically.  An 
owner  of  a  PHEV-20  with  a  25-mile  round-trip  commute  would  be 
unable  to  drive  completely  on  electricity  with  a  single  overnight 
charge.  However,  with  some  mid-day  charging,  the  consumer  could 
“top  off’  the  battery  during  the  day,  enabling  completely  electric 


drive  (assuming  limited  “blended  mode”  driving).  One  previous 
analysis  of  mid-day  charging  found  that  under  ideal  circumstances, 
mid-day  charging  decreased  gasoline  use  by  39%  compared  to 
a  single  overnight  charging  scenario  [4].  This  reduced  fuel  use  will 
results  in  substantially  lower  operating  cost. 

An  effect  of  increased  number  of  electrified  miles  due  to  mid¬ 
day  charging  is  also  the  ability  to  downsize  the  vehicle  battery. 
Downsizing  from  a  PHEV-40  to  a  PHEV-20  would  decrease  the 
initial  cost  of  the,  and  mid-day  charging  may  enable  the  consumer 
to  reduce  the  battery  size  while  often  achieving  similar  gasoline 
savings  as  a  vehicle  with  a  larger  battery  and  only  overnight 
charging  [4].  (Downsizing  the  battery  would  also  reduce  vehicle 
weight  and  provide  a  small  increase  in  efficiency.)  This  option 
allows  a  consumer  to  pay  significantly  less  for  the  vehicle,  which 
may  be  important  for  consumers  that  are  very  sensitive  to  “first 
costs”  or  with  very  high  personal  discount  rates.  The  option  of  mid¬ 
day  charging  almost  certainly  makes  PHEVs  more  attractive  to 
consumers. 

Challenges  posed  by  mid-day  charging  include  infrastructure 
availability  and  the  impact  of  PHEV  charging  demands  on  utility 
loads,  particularly  in  the  summer  months.  PHEVs  parked  in  city 
centers  increase  loading  on  potentially  constrained  transmission 
and  distribution  systems  [25,26],  especially  since  generation  is 
generally  located  outside  urban  areas.  For  PHEVs  to  fully  take 
advantage  of  mid-day  charging,  some  supplemental  mid-day 
generation,  ideally  located  near  or  in  urban  centers  is  desirable. 
Solar  PV  is  one  candidate  to  provide  some  of  this  mid-day  charging, 
especially  since  PV  can  be  located  close  to  load,  minimizing  the 
need  for  transmission  infrastructure,  as  well  as  T&D  losses. 

As  previously  discussed,  the  supply  of  mid-day  PV  is  uncertain, 
and  any  device  designed  to  take  advantage  of  this  variable  resource 
will  ideally  have  a  set  of  unique  characteristics,  primarily  involving 
controllability  and  flexibility.  PHEVs  with  the  appropriate  controls 
for  “optimized”  off-peak  charging  could  use  these  controls  to 
optimally  use  “on-peak”  PV  charging.  Vehicles  also  may  be  some¬ 
what  flexible  in  when  and  how  they  absorb  PV  generated  electricity. 

Despite  the  flexibility  of  PHEVs,  it  cannot  be  automatically 
assumed  that  they  will  have  battery  capacity  available  during 
periods  of  surplus  PV  generation.  Actual  PHEV  driving  patterns 
must  be  compared  to  PV  output  to  assess  the  actual  coincidence  of 
PV  supply  and  PHEV  charging  demand. 

4.  Co-benefits  analysis 

The  focus  of  this  work  is  to  consider  large  scale  deployment  of 
both  PHEVs  and  solar  PV,  and  considering  the  ability  of  these  two 
technologies  in  combination  to  reduce  overall  vehicle  petroleum 
use,  electricity  related  fossil  fuel  consumption,  and  to  mitigate 
negative  grid  impacts  from  either  technology  deployed  in  isolation. 
To  evaluate  these  potential  co-benefits,  we  ran  a  series  of  simula¬ 
tions  of  PHEV  fleets,  along  with  utility  systems  with  both  PV 
generation  and  PHEV  charging. 

4.1.  Study  location 

The  study  location  for  this  analysis  is  the  Electric  Reliability 
Council  of  Texas  (ERCOT),  which  serves  about  23  million  individuals 
and  represents  about  85%  of  Texas’s  electric  demand  as  of  January 
2012  [27].  Its  electricity  demand  in  2011  was  about  335  TWh,  with 
a  peak  demand  of  about  68  GW.  ERCOT  is  the  smallest  of  the  three 
U.S  interconnects  and  is  largely  electrically  isolated  from  the  rest  of 
North  America,  with  limited  transfer  capacity  with  the  rest  of  U.S. 
and  Mexico.  Texas  has  sufficient  wind  and  solar  resources  to  meet 
its  entire  demand,  and  has  been  a  leader  in  wind  deployment  in  the 
U.S.  with  over  9  GW  installed  by  the  end  of  2011  [27]. 
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4.2.  Vehicle  assumptions  and  analysis 

We  began  by  simulating  the  performance  of  two  vehicle  classes 
-  a  mid-size  sedan  and  light-duty  truck/sport  utility  vehicle.  The 
vehicle  design  characteristics  and  performance  were  generated 
using  the  ADvanced  Vehicle  SimulatOR  (ADVISOR)  tool  [28]. 
ADVISOR  is  an  open-source  vehicle  simulation  tool  that  models 
performance  and  fuel  economy  of  vehicles  based  on  real-world 
drive  cycles  [29].  Additional  vehicle  characteristics  are  provided 
in  Table  1.  The  primary  goal  of  these  simulations  was  to  determine 
the  hourly  electricity  use  of  various  PHEV  types  under  different 
charging  strategies.  The  ability  to  use  PV  as  a  charging  source 
depends  heavily  on  the  vehicle  driving  patterns  and  hourly  elec¬ 
tricity  use.  The  performance  of  the  vehicle  fleet  for  this  study  is 
based  on  actual  driving-pattern  data  from  Austin  and  San  Antonio, 
Texas  as  part  of  the  Texas  Department  of  Transportation’s  2007 
survey.  Seven  hundred  and  eighty  three  days  of  drive  cycle  data 
(783  vehicles,  each  tracked  one  weekday)  were  collected  over 
a  period  of  3  months  in  2007.  Vehicles  were  tracked  with  global 
positioning  systems  (GPS)  to  record  the  routes  traveled  and 
calculate  their  respective  distances.  The  1 -second  GPS  data  and 
vehicle  simulations  provide  a  temporal  estimate  of  distance  miles 
traveled,  and  determine  when  vehicles  are  parked  [30].  The  average 
daily  driving  distance  for  the  783-day  set  is  37  miles,  with  a  median 
of  29  miles.  This  is  similar  to  previous  state-level  estimates  of  travel 
for  light-duty  vehicles  of  42  miles  per  day  on  average  [31  ].  This  data 
also  indicates  that  the  average  vehicle  is  parked  about  95%  of  the 
time.  Fig.  3  illustrates  the  average  distanced  traveled  in  each  hour 
for  the  analyzed  data. 

In  addition  to  the  PHEV-20,  both  vehicle  types  were  also 
modeled  as  a  PHEV-40,  with  a  battery  about  twice  the  size  as  the 
PHEV-20  (14.1  kWh  for  the  sedan  and  18.8  kWh  for  the  SUV).  The 
added  battery  weight  also  produced  a  slight  decrease  in  effective 
fuel  economy. 

In  addition  to  these  parameters,  PHEVs  are  assumed  to  have 
a  maximum  battery  depth  of  discharge  of  65%,  with  a  charging 
efficiency  of  90%  and  a  power  electronics  efficiency  of  90%.  The 
average  charging  rate  was  assumed  to  be  4  kW,  based  on  an 
approximately  2:1  ratio  of  120  V  20  A  household  circuits  and  240  V 
40  A  heavy  appliance/dedicated  charging  circuits  rated  at  85%  for 
continuous  service.  The  assumed  mix  of  vehicles  (cars  to  light 
trucks/SUVs)  was  assumed  to  be  1.1 : 1,  based  on  the  historical  mix  of 
light-duty  vehicles  in  Texas  [32].  As  a  result,  the  average  vehicle  will 
consume  about  12.8  kWh  per  day.  This  assumes  a  wide  offering  of 
PHEV  types  in  the  future,  including  SUVs,  light  trucks,  and  other 
vehicles  not  currently  offered. 

4.3.  Electric  system  simulations 

Potential  mid-day  charging  in  ERCOT  was  combined  with  simu¬ 
lations  of  the  ERCOT  power  system  with  PV  generation.  Grid  simu¬ 
lations  used  the  REFlex  model,  which  is  a  reduced-form  dispatch 


Table  1 

Modeled  vehicle  performance  characteristics. 


Units 

Sedan 

PHEV-20 

SUV 

PHEV-20 

Electric  drive  consumption 

kWh  km-1 

0.19 

0.25 

(charge  depleting  mode) 
Electric  drive  consumption 

kWh  mi-1 

0.30 

0.40 

(CD  mode) 

Generator  mode  consumption 

L/100  km 

5.9 

11.8 

(charge  sustaining  mode) 
Generator  mode  consumption 

Mpg 

40 

28 

(CS  mode) 

Battery  energy 

kWh 

7.1 

9.4 

Hour  Ending 


Fig.  3.  Assumed  average  hourly  distance  traveled  by  light-duty  vehicles  in  Texas. 

model  used  to  assess  the  hourly  coincidence  of  electricity  supply  and 
demand,  considering  the  flexibility  constraints  of  conventional 
generators  [9].  REFlex  can  also  be  used  to  evaluate  the  impact  of 
different  forms  of  electricity  storage  and  load  shifting  to  increase  the 
use  of  PV  and  other  variable  renewable  generation  sources  [11,33]. 

We  began  with  the  base  hourly  electric  demand  for  the  ERCOT 
grid  in  the  years  2005—2006.  To  this  base  demand,  we  added  the 
simulated  demand  impacts  of  various  penetrations  of  both  PV 
generation  and  PHEVs.  To  estimate  the  impacts  of  a  spatially  diverse 
PV  system,  simulations  were  performed  for  several  locations  in  each 
state  with  each  site  having  multiple  system  types  and  orientations. 

Solar  data  for  2005  and  2006  was  derived  from  the  updated 
National  Solar  Radiation  Database  (NSRDB)  [34].  Solar  insolation 
and  temperature  data  was  converted  into  hourly  PV  output  using 
the  Solar  Advisor  Model  (SAM)  [35].  A  total  of  49  sites  in  ERCOT 
were  used  for  the  simulation,  with  a  mix  of  rooftop  and  utility-scale 
systems.  The  distribution  of  orientation  was  based  on  an  assumed 
mix  of  50%  central  and  50%  rooftop.  Of  the  central  PV,  it  was 
assumed  that  25%  is  fixed  (south  facing,  tilted  at  25°),  with  the 
remainder  1-axis  tracking.  The  rooftop  systems  are  assumed  to  be 
a  mix  of  flat  and  fixed  tilt  systems  with  a  variety  of  orientations. 
Additional  details  of  locations  and  PV  modeling  assumptions  are 
provided  in  [9]. 

REFlex  scales  the  output  from  the  simulated  PV  system  to 
various  sizes  to  examine  the  coincidence  of  PV  generation  with 
load,  and  examine  grid  impacts  including  changes  in  demand 
patterns  and  PV  curtailment.  Various  penetrations  of  PHEVs  were 
then  added  to  examine  how  mid-day  charging  changes  these 
various  grid  impacts. 

The  charging  patterns  are  based  on  the  vehicle  simulations 
described  in  Section  4.1.  The  vehicle  simulations  provide  a  time 
series  of  the  battery  state  of  charge  and  when  it  is  parked  with  the 
engine  off  and  available  for  charging.  Fig.  4  provides  the  average 
vehicle  charging  pattern  for  two  vehicle  types  assuming  it  charges 


Fig.  4.  Vehicle  charging  patterns  assuming  uncontrolled  charging. 
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whenever  the  vehicle  is  parked.  The  data  is  shown  at  5-min 
intervals.  This  “opportunity”  charging  case  can  form  the  basis  for 
different  assumptions  regarding  timing  of  charging  and  availability 
of  charging  stations. 

The  charging  of  individual  vehicles  was  aggregated  to  the 
system  level.  Fig.  4  demonstrates  that  the  uncontrolled  charging 
demand  is  at  its  maximum  immediately  following  the  morning  and 
evening  commute.  We  discuss  the  impact  of  this  charging  pattern 
on  normal  electricity  demand  patterns,  and  the  impact  of  varying 
this  pattern  in  Section  5. 

5.  Results 

The  data  produced  by  the  ADVISOR  and  REFlex  models  produce 
a  number  of  metrics  to  determine  the  co-benefits  of  PV  and  PFIEVs. 

5.1.  Benefit  of  mid-day  charging  to  PHEVs 

We  first  examined  the  general  benefits  of  mid-day  charging  to 
PHEVs,  including  increased  electrification  and  potential  decrease  in 
battery  size.  Allowing  vehicles  to  charge  during  mid-day  periods 
increases  the  fraction  of  miles  driven  electrically,  and  decreases 
petroleum  use,  as  illustrated  in  Table  2. 

Table  2  demonstrates  the  significant  advantage  of  allowing  mid¬ 
day  charging.  A  PHEV-20  fleet  with  mid-day  charging  shows 
a  slightly  greater  petroleum  displacement  than  a  PHEV-40  with 
overnight  charging.  The  increase  in  electric  travel  will  reduce  the 
life-cycle  costs  to  the  owner,  and  potentially  increase  adoption 
(this  ignores  variation  in  battery  life  differences  between  the 
vehicle  types)  [20].  However,  it  is  important  to  consider  the  impact 
of  mid-day  charging  on  utility  generation,  transmission  and 
distribution  systems,  and  we  consider  various  penetrations  of 
a  PHEV-20  fleet  to  examine  these  impacts. 

5.2.  Utility  system  benefits 

The  co-benefits  of  PHEV  and  PV  charging  can  be  described  in 
two  general  categories  -  first  PV  mitigates  the  additional  capacity 
required  in  the  summer  for  mid-day  charging  and  second  PHEVs 
absorb  potentially  low  value  (or  even  unusable)  PV  energy  during 
periods  of  low  demand  in  the  spring. 

The  first  issue  is  illustrated  in  Figs.  5  and  6.  Fig.  5  shows  the 
normal  electricity  demand  pattern  in  the  ERCOT  system  for  4  days 
in  the  summer,  along  with  the  PHEV  charging  demand  and  the  net 
demand.  The  PHEV  penetration  is  equal  to  30%  of  all  vehicles,  and 
the  charging  is  assumed  to  occur  in  an  uncontrolled  manner  - 
vehicles  are  assumed  to  begin  charging  at  the  end  of  each  trip, 
assuming  widely  available  charging  stations.  There  are  two 
noticeable  impacts  on  the  system  load  patterns  from  PHEVs:  first, 
the  total  capacity  requirements  increase,  and  also,  the  system  ramp 
rates  increase,  especially  in  the  late  morning.  Additional  capacity 
requirements  may  be  difficult  to  meet,  especially  if  PHEV  charging 
is  concentrated  in  urban  centers  which  are  traditionally 


Table  2 

Fraction  of  miles  driven  electrically  and  petroleum  use. 


PHEV 

%  of  Miles  traveled  electrically 

%  Petroleum  displacement 

type 

(compared  to  conventional  vehicle) 

Overnight 

Opportunity 

Overnight 

Opportunity 

charging  only 

charging 

charging  only 

charging 

10  pm— 6  am 

10  pm— 6  am 

PHEV-20 

66.8 

83.7 

75.1 

87.7 

PHEV-40 

82.9 

93.6 

87.1 

95.1 

Hour 

Fig.  5.  Increased  electric  demand  due  to  mid-day  PHEV  charging  during  July  5-8,  with 
a  PHEV-20  penetration  of  30%. 

constrained  in  both  transmission  capacity  and  the  ability  to  build 
additional  generation. 

Smart  or  controlled  charging  can  potentially  mitigate  some  of 
these  impacts.  As  indicated  in  Fig.  4,  the  charging  pattern  includes 
a  peak  in  demand  following  both  the  morning  and  evening 
commutes.  The  evening  commute  period  is  roughly  correlated  to 
the  normal  peak  demand  for  electricity,  and  charging  in  the  late 
afternoon  will  increase  overall  system  demand.  Most  of  the  energy 
stored  in  the  late  afternoon  or  early  evening  will  not  be  used  until 
the  following  day.  Therefore  this  charging  can  be  deferred  to  the 
off-peak  period  in  the  early  morning. 

Fig.  6  illustrates  the  impact  of  controlled  charging,  where  no 
charging  is  allowed  between  3  pm  and  9  pm.  After  9  pm  vehicles 
are  charged  in  a  quasi-optimal  manner  to  uniformly  fill  the  off-peak 
demand,  with  the  requirement  that  the  vehicles  be  fully  charged 
by  7  am. 

Deferring  charging  that  would  normally  take  place  after  3  pm 
reduces  the  amount  of  energy  needed  during  the  peak  period  and 
the  length  of  the  peak  demand,  but  does  not  decrease  the  actual 
peak  demand.  Alternatively,  restricting  charging  an  hour  or  two 
earlier  can  reduce  the  peak  demand,  however  this  begins  to  reduce 
the  benefits  of  mid-day  charging  to  the  vehicle  fleet.  It  also  cannot 
address  the  fact  that  PHEV  demand  adds  to  the  morning  demand 
ramp  rate. 

PV  generation  can  mitigate  these  impacts.  Fig.  7  adds  PV  gener¬ 
ation  to  the  load  shapes  previously  demonstrated.  In  this  scenario  PV 
system  is  large  enough  to  provide  15%  of  the  region’s  annual  elec¬ 
tricity  demand.  Controlled  charging  still  occurs  to  shift  late  after¬ 
noon  charging  demand  to  overnight  hours.  However,  this  simulation 
does  not  assume  any  controlled  charging  in  the  day.  It  relies  on  the 
inherent  correlation  of  PV  and  PHEV  demand  pattern.  Since  PV 
ramps  up  in  a  pattern  similar  to  PHEV  demand,  the  increase  in  net 


Fig.  6.  Potential  use  of  controlled  charging  to  shift  afternoon  charging  into  overnight 
hours. 
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Fig.  7.  Reduction  in  peak  electric  demand  due  to  the  deployment  of  PV  providing  15% 
of  the  system’s  annual  demand. 

system  demand  is  the  same  or  less  than  the  original  (no  PHEVs  or  PV) 
demand  profile.  PV  has  also  met  the  increase  in  generation  capacity 
needed  by  PHEV  charging  in  the  early  afternoon.  Controlled  charging 
could  further  “smooth”  the  net  demand  profile  and  reduce  peak 
capacity  requirements  created  by  PHEV  demand. 

The  overall  impact  of  PV  and  PHEVs  on  peak  capacity  require¬ 
ments  can  be  observed  in  Fig.  8,  which  plots  the  change  in  net  peak 
demand  as  a  function  of  PHEV  penetration.  Three  levels  of  PV 
penetration  are  also  shown  —  zero  PV  and  PV  meeting  5%  and  10%  of 
the  system’s  annual  energy  demand.  In  each  PV  penetration,  two 
charging  scenarios  are  provided  —  unrestricted  charging,  and  a  case 
where  charging  is  restricted  after  3  pm.  Depending  on  the  scenario, 
adding  PV  reduces,  or  eliminates  the  increase  in  peak  capacity 
requirements. 

The  second  co-benefit  of  PV  &  PHEV  deployment  is  to  avoid 
curtailed  energy  during  period  of  high  PV  and  low  normal  demand. 
This  is  illustrated  in  Fig.  9.  It  shows  the  same  scenario  as  Fig.  1,  (April 
25—28  where  PV  provides  15%  of  the  system’s  annual  demand),  but 
a  30%  PHEV  penetration  has  been  added  with  a  corresponding 
charging  profile.  The  overnight  PHEV  charging  is  controlled,  but  in 
this  case  the  daytime  charging  pattern  is  uncontrolled  to  examine 
the  inherent  coincidence  between  PV  supply  and  normal  charging 
patterns.  During  the  middle  of  each  day  the  PV  output  is  sufficient 
to  reduce  net  load  to  very  low  levels,  however  uncontrolled  PHEV 
charging  is  able  to  absorb  some  of  the  energy  during  periods  of  low 
demand. 

While  Fig.  9  shows  that  even  uncontrolled  charging  will  reduce 
potentially  unusable  PV,  the  timing  of  the  charging  is  not  optimal, 
because  more  charging  occurs  in  the  morning,  when  the  PV  output 
is  low,  than  in  the  afternoon.  This  can  also  produces  a  1-h  spike  in 


0%  PV  —  —  —  0%  -  No  Late  Charging 

5%  PV  —  —  —  5%  -  No  Late  Charging 

10%  PV  —  —  —  10%  -  No  Late  Charging 


Fig.  8.  Increase  in  peak  capacity  requirements  as  a  function  of  PHEV-20  and  PV 
penetration. 


Hour 

Fig.  9.  Increased  electric  demand  due  to  mid-day  PHEV  charging  during  April  25-28, 
with  a  PHEV-20  penetration  of  30%  where  PV  provides  15%  of  the  system’s  annual 
electricity  supply. 

the  morning  demand  due  to  charging  that  occurs  before  significant 
PV  production  occurs.  By  delaying  some  of  the  morning  charging  to 
the  hour  of  peak  demand,  the  net  demand  pattern  with  be 
smoother,  and  less  curtailment  may  occur.  Fig.  10  adds  controlled 
charging  to  the  morning  period,  assuming  that  this  charging  can  be 
delayed  by  up  to  2  h. 

The  availability  of  controllable  mid-day  charging  increases  the 
potential  use  of  PV  in  at  least  two  ways.  The  first  is  the  ability  to 
increase  the  coincidence  of  PHEV  charging  energy  with  PV  supply, 
reducing  potential  curtailment.  However  the  actual  amount  of 
curtailment  will  also  be  driven  by  the  overall  flexibility  of  the  grid. 
The  minimum  generation  point  is  partially  driven  by  the  need  to 
keep  partially  loaded  thermal  generators  online  to  provide  a  variety 
of  operating  reserves  including  contingency  reserve  and  regulation 
reserve.  Some  of  this  reserve  can  potentially  be  provided  by  inter¬ 
ruptible  PHEV  charging  increasing  grid  flexibility. 

It  will  be  some  time  until  large  scale  penetration  of  either  PHEVs 
or  PV  is  achieved,  and  since  the  grid  will  evolve,  the  exact  flexibility 
of  the  future  grid  cannot  be  precisely  quantified.  However  the 
general  potential  impact  of  PHEVs  on  PV  curtailment  can  be  illus¬ 
trated.  Fig.  11  demonstrates  how  mid-day  PHEV  charging  can 
decrease  PV  curtailment.  The  scenarios  consider  a  PHEV-20  pene¬ 
tration  from  0%  to  50%,  and  two  PV  penetration/system  flexibility 
combinations.  PV  penetration  is  defined  as  the  fraction  of  the  base 
demand  met  by  usable  PV  (without  any  PHEVs  on  the  system).  In 
each  of  the  two  PV  scenarios,  both  uncontrolled  and  controlled 
daytime  charging  is  also  considered  (where  daytime  charging  can 
be  delayed  up  to  two  hours).  In  all  cases,  there  is  decrease  in  the 
amount  of  curtailed  PV  generation  as  a  function  of  PHEV  penetra¬ 
tion,  with  a  greater  decrease  if  daytime  charging  can  be  delayed  to 
periods  of  greater  solar  output. 


Fig.  10.  Same  scenario  as  Fig.  9,  except  mid-day  charging  is  controlled  with  a  delay  of 
up  to  2  h. 
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—  —  —  30%  PV  (90%  Flex)  Uncontrolled  Charging 


PHEV-20  Penetration 

Fig.  11.  Decrease  in  PV  curtailment  as  a  function  of  PHEV  penetration. 

Fig.  11  indicates  that  PHEVs  can  provide  an  important  option  for 
increasing  the  use  of  solar  PV  by  providing  a  flexible  source  of 
electricity  demand.  However  there  are  several  other  potential 
benefits  of  PHEVs  to  PV  integration  not  considered  in  this  analysis. 
Most  notably,  it  does  not  consider  the  value  of  vehicle  to  grid  (V2G) 
where  the  vehicles  may  discharge  into  the  grid.  V2G  can  provide 
operating  reserves  and  improve  overall  grid  flexibility  by  reducing 
the  need  to  keep  partially  loaded  thermal  generators  online 
[12,36,37].  However  even  without  V2G,  the  ability  to  control 
charging  could  also  provide  operating  reserves  and  provide  system 
flexibility  [38].  Additional  analysis  will  be  needed  to  examine  the 
complete  set  of  benefits  PHEVs  can  provide  in  integrating  PV  and 
other  variable  generation  sources.  Finally,  while  this  analysis  focuses 
on  co-benefits  on  the  transmission  system,  additional  analysis  is 
needed  to  examine  interactions  on  the  distribution  system.  In 
particular,  the  ability  to  locate  PV  on  the  distribution  system  could 
help  mitigate  feeder-level  challenges  of  mid-day  charging  in  con¬ 
gested  areas.  In  general,  this  analysis  will  need  to  be  site-specific, 
building  on  methods  and  analysis  previously  performed  [5,25,26]. 

6.  Conclusions 

Solar  PV  and  PHEVs  are  two  technologies  that  have  significant 
potential  for  reducing  carbon  emissions  and  fossil  fuel  use.  Each  has 
barriers  to  very  large  scale  deployment.  For  PV,  its  variable  nature 
and  the  concentration  of  electricity  output  in  the  middle  of  the  day 
limits  its  contribution  to  meeting  a  large  fraction  of  normal  elec¬ 
tricity  demand.  For  PHEVs,  high  cost  batteries  limit  their  economic 
potential. 

When  deployed  together,  these  technologies  can  provide  mutual 
benefits.  Improved  economic  performance  of  PHEVs  could  be 
enabled  by  the  availability  of  mid-day  charging,  increasing  the 
distance  traveled  using  low-cost  electricity,  and  potentially  reducing 
the  size  of  the  battery.  However  mid-day  charging  potentially 
increases  peak  generation  requirements.  PV  provides  a  potential 
source  of  mid-day  generation  capacity  for  PHEVs,  while  PHEVs 
provide  a  dispatchable  load  for  low  value  or  otherwise  unusable  PV 
generation  during  periods  of  low  demand  (particularly  in  the 
spring).  Depending  on  the  penetration  of  each  technology,  PV  could 
meet  all  of  the  increased  capacity  requirements  associated  with 
PHEV  deployment,  while  PHEVs  could  absorb  much,  but  not  all  of 
the  potentially  curtailed  PV  generation.  This  makes  PHEVs  and  PVs 
potentially  important  complements  to  each  other  and  additional 
enabling  technologies  such  as  load  shifting  and  electricity  storage. 


References 

[1]  L.  Zhang,  T.  Brown,  G.S.  Samuelsen,  Journal  of  Power  Sources  196  (2011) 
6559-6566. 

[2]  P.  Denholm,  W.  Short,  An  Evaluation  of  Utility  System  Impacts  and  Benefits  of 
Optimally  Dispatched  Plug-in  Hybrid  Electric  Vehicles,  NREL/TP-620-40293 
(2006). 

[3]  M.  Kintner-Meyer,  K.  Schneider,  R.  Pratt,  Impacts  Assessment  of  Plug-in 
Hybrid  Vehicles  on  Electric  Utilities  and  Regional  U.S.  Power  Grids,  Pacific 
Northwest  National  Laboratory,  2006. 

[4]  K.  Parks,  P.  Denholm,  T.  Markel,  Costs  and  Emissions  Associated  with  Plug-In 
Hybrid  Electric  Vehicle  Charging  in  the  Xcel  Energy  Colorado  Service  Territory, 
NREL/TP-640-41410  (2007). 

[5]  X.  Li,  L.A.C.  Lopes,  S.S.  Williamson,  On  the  suitability  of  plug-in  hybrid  electric 
vehicle  (PHEV)  charging  infrastructures  based  on  wind  and  solar  energy,  IEEE 
Power  &  Energy  Society  General  Meeting  (2009)  1-8. 

[6]  D.  Birnieiii,  Journal  of  Power  Sources  186  (2009)  539-542. 

[7]  P.  Denholm,  R.M.  Margolis,  Energy  Policy  35  (2007)  2852-2861. 

[8]  A.A.  Solomon,  D.  Faiman,  G.  Meron,  Energy  Policy  38  (2010)  5457-5468. 

[9]  P.  Denholm,  M.  Hand,  Energy  Policy  39  (2011)  1817-1830. 

[10]  P.  Denholm,  E.  Ela,  B.  Kirby,  M.  Milligan,  The  Role  of  Energy  Storage  with 
Renewable  Electricity  Generation,  NREL/TP-6A2-47187  (2010). 

[11]  P.  Denholm,  R.M.  Margolis,  Energy  Policy  35  (2007)  4424-4433. 

[12]  W.  Kempton,  J.  Tomic,  Journal  of  Power  Sources  144  (2005)  280-294. 

[13]  T.H.  Bradley,  C.W.  Quinn,  Journal  of  Power  Sources  195  (2010)  5399-5408. 

[14]  D.  Karner,  J.  Francfort,  Hybrid  and  plug-in  hybrid  electric  vehicle  performance 
testing  by  the  US  Department  of  Energy  Advanced  Vehicle  Testing  Activity, 
Journal  of  Power  Sources  174  (2007)  69-75. 

[15]  Electric  power  research  institute  comparing  the  benefits  and  impact  of  hybrid 
electric  vehicle  options,  Palo  Alto,  CA  10003496892  (2001). 

[16]  Electric  Power  Research  Institute,  Comparing  the  Benefits  and  Impacts  of 
Hybrid  Electric  Vehicle  Options  for  Compact  Sedan  and  Sport  Utility  Vehicles. 
1006891,  EPRI,  Palo  Alto,  CA,  2002. 

[17]  M.  Earleywine,  J.  Gonder,  T.  Markel,  M.  Thornton,  Simulated  fuel  economy  and 
performance  of  advanced  hybrid  electric  and  plug-in  hybrid  electric  vehicles 
using  in-use  travel  profiles.  Proceedings  of  the  2010  IEEE  Vehicle  Power  and 
Propulsion  Conference  (VPPC,  2010). 

[18]  A.  Pesaran,  T.  Markel,  H.S.  Tataria,  D.  Howell,  Battery  requirements  for  plug-in 
hybrid  electric  vehicles  —  analysis  and  rationale.  NREL  report  no.  CP- 540-42240 
(2009). 

[19]  S.  Amjad,  S.  Neelakrishnan,  R.  Rudramoorthy,  Renewable  and  Sustainable 
Energy  Reviews  14  (2010)  1104-1110. 

[20]  J.  Neubauer,  A.  Brooker,  E.  Wood,  Journal  of  Power  Sources  209  (2012)  269-277. 

[21  ]  S.  Musti,  K.M.  Kockelman,  Transportation  Research  A  —  Policy  and  Practice  45 

(2011)  707-720. 

[22]  C.K.  Ekman,  Renewable  Energy  36  (2010)  546-553. 

[23]  J.  Wang,  C.  Liu,  D.  Ton,  Y.  Zhou,  J.  Kim,  A.  Vyas,  Energy  Policy  39  (2011) 
4016-4021. 

[24]  W.  Short,  W.P.  Denholm,  A  Preliminary  Assessment  of  Plug-In  Hybrid  Electric 
Vehicles  on  Wind  Energy  Markets,  NREL/TP-620-39729  (2006). 

[25]  R.C.  Green  II,  L.  Wang,  M.  Alam,  Renewable  Sustainable  Energy  Reviews  15 
(2011)  544-553. 

[26]  C.  Farmer,  P.  Hines,  J.  Dowds,  S.  Blumsack,  Modeling  the  impact  of  increasing 
PHEV  loads  on  the  distribution  infrastructure.  43rd  Hawaii  International 
Conference  on  System  Sciences  (HICSS,  2010). 

[27]  ERCOT  Quick  Facts,  Electric  Reliability  Council  of  Texas,  2012.  http://www. 
ercot.com/content/news/presentations/2012/ERCOT%20Quick%20Facts%20-% 
20Jan%202012.pdf. 

[28]  T.  Markel,  A.  Brooker,  T.  Hendricks,  V.  Johnson,  K.  Kelly,  B.  Kramer,  M.  O’Keefe, 
S.  Sprik,  K.  Wipke,  Journal  of  Power  Sources  110  (2002)  255-266. 

[29]  ADVISOR  Software  for  Advanced  Vehicle  Energy  Analysis  (2012).  Available 
from:  http://bigladdersoftware.com/advisor/. 

[30]  J.  Gonder,  T.  Markel,  M.  Thornton,  A.  Simpson,  Transportation  Research  Record 
2017  (2007)  26-32. 

[31  ]  Federal  Highway  Administration,  2009  National  Household  Travel  Survey,  U.S. 
Department  of  Transportation,  2011. 

[32]  State  Transportation  Statistics  2006,  U.S.  Department  of  Transportation, 
December  2006.  http:/ /www.bts.gov/publications/state_transportation_statistics/ 
state_transportation_statistics_2006/pdf/entire.pdf. 

[33]  P.  Denholm,  J.  King,  C.  Kutscher,  P.  Wilson,  Energy  Policy  44  (2012)  301-311. 

[34]  S.  Wilcox,  W.  Marion.  Users  Manual  for  TMY3  Datasets,  NREL/TP-581-43156 
(2008). 

[35]  P.  Gilman,  A.  Dobos,  System  Advisor  Model,  SAM  2011.12.2:  General 
Description.  NREL  Report  No.  TP-6A20-53437  (2012). 

[36]  C.D.  White,  K.M.  Zhang,  Journal  of  Power  Sources  196  (2011)  3972-3980. 

[37]  J.  Tomic,  W.  Kempton,  Journal  of  Power  Sources  168  (2007)  459-468. 

[38]  R.  Sioshansi,  P.  Denholm,  Energy  Journal  31  (2010)  1-23. 


